The numerical and/or structural deviation of some chromosomes (i.e., monosomy and polysomy of chromosomes 3 and X) are routinely used as positive genetic biomarkers to diagnose cervical cancer and predict the disease progression. Among the available diagnostic methods to analyze the aneusomy of chromosomes 3 and X, fluorescence in situ hybridization (FISH) technology has demonstrated significant advantages in assisting clinicians to more accurately detect and diagnose cervical carcinoma at an early stage, in particular for the women at a high risk for progression of low-grade and high-grade squamous intraepithelium lesions (LSIL and HSIL). In order to increase the diagnostic accuracy, consistency, and efficiency from that of manual FISH analysis, this study aims to develop and test an automated FISH analysis method that includes a two-stage scheme. In the first stage, an interactive multiple-threshold algorithm is utilized to segment potential interphase nuclei candidates distributed in different intensity levels and a rule-based classifier is implemented to identify analyzable interphase cells. In the second stage, FISH labeled biomarker spots of chromosomes 3 and X are segmented by a top-hat transform. The independent FISH spots are then detected by a knowledge-based classifier, which enables recognition of the splitting and stringy FISH signals. Finally, the ratio of abnormal interphase cells with numerical changes of chromosomes 3 and X is calculated to detect positive cases. The experimental results of four test cases showed high agreement of FISH analysis results between the automated scheme and the cytogeneticist's analysis including 92.7% to 98.7% agreement in cell segmentation and 4.4% to 11.0% difference in cell classification. This preliminary study demonstrates the feasibility of potentially applying the automatic FISH analysis method to expedite the screening and detecting cervical cancer at an early stage.
Introduction
Cervical cancer represents approximately 9% of all cancer deaths in women, making it one of the most common causes of death in women (1). Detecting cervical cancer at an early stage is important to successfully cure more patients with effective treatments. The clinical data have supported that using the Pap-smear test, based solely on the morphologic examination of exfoliated cells from the cervix, has substantially reduced the death rate due to cervical cancer in the women (2). The development of cervical cancer is often preceded by distinct morphological changes from normal epithelium to carcinoma through low-grade and high-grade squamous intra-epithelium lesions (LSIL and HSIL). However, detecting the low-grade squamous intra-epithelium lesions and non-papillary tumors is quite difficult because these tumors shed diagnostic cells intermittently and the cells may be markedly degenerated (3) . As a result, by the time a diagnosis is reached, the neoplasm is often quite large and in many instances metastasizes to regional lymph nodes. In the last decade, increased knowledge of cancer genetics has led to the development of new assays for cancer detection. One such assay, fluorescence in situ hybridization (FISH), has become a valuable molecular imaging tool to detect cervical cancer, predict its prognosis, and monitor the therapy response. Specifically, the genetic analyses and studies have validated that the status of chromosomes 3 and X were two useful intermediate biomarkers to screen and diagnose cervical carcinoma by identifying squamous intra-epithelial lesions at a high risk of progression (4).
FISH technology involves the precise annealing of a singlestranded fluorescently labeled deoxyribonucleic acid (DNA) probe to complementary target sequences and allows the visualization of specific nucleic acid sequences within a cellular preparation. After identifying that numerical changes of particular chromosomes (e.g., chromosomes 3 and X) had a significant impact on the cervical cancer development and prognosis, a number of research groups have demonstrated that compared to other available methods, FISH analysis of Pap-smear slides could achieve a higher sensitivity and specificity in detecting early cervical cancers by identifying specific changes of biomarkers (4-7). For example, Heselmeyer et al., (7) reported that FISH sensitivity to predict progression of cytologically low-grade or normal Papsmears to invasive carcinoma was 100% with specificity of 70%. Meanwhile, FISH analysis could also predict the progression of uterine cervical dysplasia to invasive cancer with a higher accuracy (8-10). In the cytogenetic laboratories, interphase FISH image analysis is commonly used to detect or identify the deletion/duplication and specific translocation of small parts of genes. For this purpose, the sample DNA of interphase nuclei are first denatured, which separates the complimentary strands within the DNA double helix structure. Then, the fluorescence probe is bound to the denatured sample mixture and hybridizes with the sample DNA at the target site as it backs into a double helix.
Currently, manual and semi-automated FISH analyses are routinely performed in the cytogenetic laboratory. Using a fluorescence microscope, a lab technician first visually screens and selects around 50 ~ 100 cells in each examination to minimize the FISH signal counting bias and he/she then computes a summary index. However, this manual FISH analysis method is time-consuming and labor-intensive, and also introduces inter-reader variability. As a result, development of automated FISH analysis systems has been attracting great research interests in the last several years. Netten et al., (11) (12) (13) (14) (15) . In these schemes, user-defined thresholds (12), neural networks (13, 14) , the watershed algorithm (15), and the Isodata algorithm (11) were several popular algorithms used to segment interphase nuclei. A top-hat transform was employed to segment FISH signals (11) and component labeling algorithms (16) were implemented to count the number of FISH signals in the binary FISH images. In addition, morphological features and distances are key factors used to remove false-positive signals (primarily due to the image noises) and detect true-positive FISH signals (17). For example, Gué et al., (18) utilized the size (volume) and distances to identify FISH signals. In order to merge splitting FISH signals, different cut-off thresholds (0.5 mm (17, 19) and 0.8 mm (20)) were typically applied in these schemes.
Despite of study progress and reported encouraging results, none of the automated FISH image analysis methods have been routinely used in cytogenetic laboratories. The following factors limit the clinical utility of these automated FISH image analysis systems including: (a) relatively lower sensitivity in detecting and segmenting analyzable interphase nuclei (i.e., approximately 69%~89% (20, 21)); (b) higher false-positive detection rates (i.e., 7% ~ 18.8% reported by Kajtár (20) and Vrolijk (12) ); and (c) the lack of commonly accepted standards to distinguish and merge splitting and stringy FISH signals. To overcome these limitations, we conducted this preliminary study to develop and test a new automated FISH image analysis scheme for detecting abnormal changes of chromosomes 3 and X, which aims to eventually expedite the screening of cervical cancer at an early stage and improve detection efficiency and accuracy.
Materials and Methods

A Testing FISH Image Dataset
In this study, we randomly selected four Pap-smear specimens that were acquired from four patients who underwent annual cervical cancer screening examinations at the University of Oklahoma Health Sciences Center. Based on the established protocol in our cytogenetic laboratory, we then took the following four steps to produce FISH labeled biomarker slides from the originally acquired specimen of Pap-smear examinations:
(a) Pretreatment the pap-smear slides: The slides are first pretreated in 2 × saline-sodium citrate buffer (SSC) for 30 minutes and 0.01% pepsin/0.01 M HCI at 37°C for 13 minutes at 37°C. Second, the slides are washed in phosphate-buffered saline (PBS), post-fix, PBS respectively for 5 minutes. Finally, the slides are quenched in 70%, 85% and 100% ethanol, respectively for 1 minute followed by air drying in the hood for 10~15 minutes. (b) Denature: The slides are immersed into the denature solution and the probe is also denatured in a water bath at 72°C for 5 minutes. (c) Hybridization: Two centromeric enumeration probes CEP3 (D3Z1) and CEPX (DXZ1) (Vysis, Abbott Molecular Inc., Downers Grove, IL) are mixed together and applied to the processed Pap-smear slides. These mixed probes can process the Pap-smear specimens and mark chromosomes 3 and X located inside the interphase nuclei. The hybridization procedure is followed by incubation in a 37°C moist chamber overnight. (d) Post-hybridization: the slides are washed in posthybridization buffer 0.3%NP-40/2 X SSC at 72°C for 1 minute and 0.1%NP-40/2 X SSC at room temperature for 1 minute, respectively. After air drying, the slide is finally covered by 6-diamidino-2-phenylindole (DAPI) for counterstaining nuclei with the cover slip.
After applying these four processing steps, each of the four selected Pap-smear specimen slides is marked by the two specific FISH labeled biomarkers. We asked an experienced cytogeneticist in our cytogenetic laboratory to visually and randomly select a total of 200 regions of interest (ROIs) (50 per case), which should cover the diverse image patterns typically observed in the clinical diagnostic process. Specifically, during examining each case (specimen slide) under an Olympus BX6 fluorescent microscope, the cytogeneticist manually scans the specimen slide and adjusts microscope objective focus to capture FISH signals that are considered detectable in various focus planes. Figure 1 displays a diagram of a typical microscope fluorescence imaging system, which includes a fluorescence microscope, a detector, a computer system, a motorized stage, excitation filters, emission filters, and dichroic filters. In our microscope, we installed an oil immersion-based objective lens with the magnification of 100X and a numerical aperture of 1.25 as well as a cooled charge-coupled monochrome digital camera to capture the digital images. The image spatial resolution is 0.2 mm × 0.2 mm per pixel that is adequate to capture the FISH signals, since the size of FISH spots are usually in the range of 0.5 mm ~ 1 mm depending on applied probes (12, 17, 22) . To avoid the registration shift, an excitation filter wheel with multi-pass dichroic and a set of barrier filters are also installed on our fluorescent microscope system. By employing separate excitation filters for each color or spectrum, the excitation filter wheel is effectively cooperating with multi-pass dichroic and barrier filters. Excitation (detection ratio of abnormal cells) based on the number of counted FISH spots. The detailed descriptions of these steps are as follows.
Segmenting Interphase Nuclei Using an Iterative Multiple-Threshold Algorithm
Isodata algorithm developed by Ridler and Calvard (23) is a commonly accepted iterative technique for choosing one "optimal" threshold to segment targeted objects from the image background. However, since interphase nuclei (cells) are actually located in a thin 3-D space (or distributed in different focal planes), the cells acquired in the 2-D microscopic digital images often show various intensity distributions. With a simple threshold, it is difficult to achieve optimal results for correctly segmenting all the potentially analyzable interphase nuclei. For example (Figure 4 ), by applying the "optimal" threshold ( Figure 4b ) obtained by the Isodata algorithm, the segmentation result is not very satisfactory ( Figure 4c ). In this example, two analyzable interphase nuclei depicted inside a clustered region with high intensity levels are not segmented. To solve this issue, we developed and tested an iterative multiple-threshold algorithm. First, a pixel value histogram of a single image frame is calculated and plotted ( Figure 4d ). In this histogram, three operating lines (namely, D 1 , D 2 , and D 3 ) are selected. The first line shows the global maximum peak D 1 in the histogram representing the image background, which limits the maximum sensitivity in segmenting potentially analyzable interphase nuclei candidates in the lower exposure range. The second line (D 2 ) indicates an "optimal" threshold obtained by the Isodata algorithm to separate background and the targeted objects. The third filters allow the transmission of selected wavelengths to efficiently excite particular fluorochromes or fluorophore such as DAPI (indicating interphase nuclei), the fluorescence isothiocyanate (FITC) (marked for chromosome X), and Texas red fluorochrome (marked for chromosome 3). Thus, those fluorochromes which emit different wavelengths including spectrum blue for DAPI, spectrum green for chromosome X, and spectrum orange for chromosome 3, are passed by the cooperation of dichroic filters and barrier filters. Three digital images of each selected ROI are captured by the digital camera. Figure 2 shows an example of an acquired ROI depicting two FISH-labeled interphase cells. In all four of these selected cases, a high risk for human papillomavirus (HPV) infected lesions was detected by the cytogeneticists. Among them, two cases were diagnosed as LSIL and the other two were rated as HSIL cases; these were later diagnosed and confirmed through biopsy as having cervical cancer.
An Automated FISH Image Analysis Scheme
Using these manually selected 200 ROIs as the image dataset, we developed and tested an automated FISH image analysis scheme that includes five image processing and computing steps ( Figure 3 ): (a) an iterative multiple-threshold algorithm aiming to segment all potential interphase nuclei candidates distributed in different intensity levels; (b) a rule-based classifier to identify analyzable interphase nuclei from segmenting objects; (c) a top-hat transformation process to segment FISH spots; (d) a knowledge-based classifier to recognize splitting and stringy FISH spots as well as merge these splitting spots; and (e) computation of a summary index Isodata algorithm) are correctly segmented by our iterative multiple-threshold method.
Identifying Analyzable Interphase Nuclei by a Rule-Based Classifier
After initial segmentation of suspicious interphase nuclei, a morphological opening filter with a 5×5 square kernel is applied to separate adjacent ("touching" or connected) areas and delete small isolated areas. Then, a 4-connectivity component labeling algorithm (24) is applied to detect and count the segmented cells as well as compute the following features for each labeled cell:
(a) Size of the cell (S): it is computed by counting the number of pixels (N) inside the detected or segmented area.
ing the number of pixels located both inside the labeled region or object area (N) and the equivalent circle (N C ). An equivalent circle is centered at the gravity center of the labeled region and has the radius computed by
it is defined as CP = P 2 / S, where P and S are the perimeter and area of the segmented and labeled region, respectively.
LA is the length of the longest radial length between the center and the boundary of the segmented region, while SA is the radial length along the radial line that is perpendicular to LA.
Since not all initially segmented cells represent actual analyzable cells, the scheme applies a rule-based classifier ( Figure 5 ) to identify between the analyzable interphase nuclei and other un-analyzable "cells" (i.e., overlapped cells and other noisy debris). Applying this rule-based classifier to all segmented "cells" in the storage image buffer, the scheme classifies the initially segmented "cells" into three groups: analyzable interphase nuclei, un-analyzable objects, and indeterminate regions (i.e., length ratio is between 1.5 and 3). The indeterminate regions may contain some touching analyzable interphase nuclei. These regions will be processed again by using an iterative multiple thresholds followed by a 4-connectivitiy component labeling algorithm and a rule-based classifier mentioned above to further segment potentially analyzable interphase nuclei. Figure 6 shows an example of applying our scheme to segment and identify analyzable interphase nuclei from a single FISH image frame. It preserves all potential interphase nuclei by deleting non-interphase objects.
Segmenting FISH Spots by a Top-Hat Transform
To detect and segment FISH signals depicted on the segmented interphase nuclei, our scheme separately applies line (D 3 ) is empirically set as 250, which is used to segment potentially over-exposed interphase nuclei candidates.
The scheme then automatically generates a set of five threshold values between D 2 and D 3 which are
, where i = 1,2,...,5. The sixth threshold value T 6 is the global maximum representing the image background. As shown in Figure 4 (d), the six selected threshold values are T = 250, 203.75, 157.5, 111.25, 65, and 8, respectively in this testing ROI. The suspicious analyzable interphase cells are segmented iteratively from the higher intensity to the lower intensity. The scheme applies the first threshold T 1 to generate a binary image. All pixels whose gray value is larger than T 1 are set to one and the others are assigned to zero. Since some of the FISH spots may be distributed on the edge of interphase nuclei, a morphological dilation operator with a 5×5 circle kernel is performed on each segmented object to avoid under-segmentation after obtaining potential interphase nuclei objects. The segmented objects (cells) are moved from the original image buffer to a new image storage buffer. The scheme then applies the second threshold to segment the remaining regions depicted on the same original image. Any new segmented and detected analyzable cells resulting from applying this threshold are moved and saved in the same cell storage image buffer. This process is iteratively performed for all other remaining five thresholds. As a result, all analyzable cells detected by any of these six adaptively selected thresholds are saved in a new image buffer, which will be used by the computer-aided detection scheme to detect and count FISH signals. Figure 4 (e) shows the final segmentation result of applying our automated scheme to this sample image. The two analyzable cells that are unable to be segmented using a single threshold method (i.e., the image, B is a square structure with 7×7 window size, and ∞ is the morphological opening operator. Figure 7 displays the segmentation results of FISH spots by the top-hat transform. After applying the top-hat transform to the original the top-hat transform on two spectrums to identify and segment the corresponding FISH labeled biomarkers represented by red or green spots. The method can be described as:
where f is the original FISH spots), our automated scheme detects more than two FISHlabeled spots in these cells (i.e., 3 or 4 red spots). Due to the splitting FISH spots, it may result in the wrong diagnosis FISH image, a threshold is applied to detect isolated FISH spots. This threshold was empirically selected based on our experimental observation and analysis of a set of randomly selected ROIs. The threshold value was selected as 100 for both red and green spectrums in this study. The scheme generates a binary image buffer for each spectrum by setting the pixel values larger than the threshold as "1" and others as "0". Then, a 4-connectivity component labeling algorithm (24) and a raster scanning method are implemented to identify and count the number of potential FISH spots. According to the positions of FISH spots and interphase nuclei, the relationship between FISH spots and interphase cells need to be determined. The scheme detects all FISHlabeled spots that are either fully or partly located inside the detected and segmented analyzable interphase nuclei (cells) and discards all other similar "FISH" spots located on the image background.
Counting Independent FISH-Labeled Spots
Because of the characteristics of centromeric enumeration probes CEP3 and CEPX, most of FISH labeled signals used to target chromosomes 3 and X are stringy and splitting. F1 -the size of an object is between 2500 and 25000, F2 -the compactness of an object is smaller than 400; F3 -the circularity of an object is smaller than 0.8; F4 -the length ratio of an object is smaller than 3; and F5 -the length ratio of an object is smaller than 1.5. of testing samples by using FISH technology. To solve this problem or minimize potential errors, an additional step is required in the automated scheme to detect and merge split FISH signal spots. Based on the hypothesis that FISH signals in the same interphase nuclei should have similar shapes and sizes, the scheme applies a pre-optimized knowledge-based classifier to identify and merge the splitting FISH signal spots (25). In brief, this classifier uses six image features that are related to the average (or relative) pixel value (intensity) inside one FISH spot, the size and shape factor of the FISH spot, and the distance between the two nearest neighbor FISH spots in the same color, to build a decision-tree type classifier. Using this classifier, the scheme enables us to (a) delete the artificial noise and/or debris, and (b) identify the splitting FISH spots. Then, the scheme merges or combines the identified splitting and stringy FISH spots and re-counts independent FISH-labeled biomarker spots depicted on each detected analyzable interphase cell.
Based on the counting results, the scheme classifies all detected interphase cells into one of two groups, the normal and abnormal (monosomy and polysomy) group. The normal cells must depict four FISH labeled biomarker spots namely two for chromosome 3 (red spots) and two for chromosome X (green spots); while the abnormal cells can be either monosomy cells (depicting only one FISH-labeled spot in any of two biomarkers) or polysomy cells (depicting more than two FISH labeled spots in any of two biomarkers). Finally, the spots. As a result, more "monosomy" cells were detected by the automated scheme as shown in Tables I and II . Such an error is larger in the LSIL cases than the HSIL cases.
Since two FISH-labeled biomarkers were used in these testing specimens, a true normal cell should contain two FISHlabeled spots in both red and green spectrums. Otherwise, the cell is classified as abnormal even if it depicts two FISHlabeled spots in one spectrum. Based on this classification criterion, Table III summarizes the total number of abnormal (including both monosomy and polysomy cells) and normal cells detected in each case as well as the final detection or diagnostic summary index. Table III compares the classification results between the automated scheme and the cytogeneticist's visual detection. The results show that the detection ratios of two HSIL cases are substantially higher than the ratios of two LSIL cases for both automated and visual detections. Despite the differences on the classification scores, both automated and visual detection methods correctly classified these four testing cases into HSIL and LSIL categories (i.e., using the threshold of detection ratios of 50% to divide two categories). In addition, the study also found that the classification results between automated and visual detection are much more consistent or comparable in HSIL cases (i.e., difference < 4.4%, 60.7% versus 56.3%) than LSIL cases (i.e., difference < 11%, 24.1% versus 13.1%).
Discussion
FISH labeled biomarker image analysis has been proven to be a powerful method to detect genetic aberrations and assist the diagnosis of a variety of cancers including but not limited to cervical cancer (2), breast cancer (26), urothelial carcinoma (27), leukemia (28), and lung cancer (29). Despite scheme computes a detection or diagnostic summary index, which is the ratio computed based on the number of abnormal cells divided by the total number of detected cells. The detection ratios can range from 0 to 1. The larger detection ratio indicates the higher fraction of abnormal cells depicted on the testing specimen and thus represents the higher likelihood of the testing case being associated with cervical cancer. Figure 9 shows examples of applying this scheme to segment analyzable cells and detect independent FISH spots. The automated scheme segments and detects two normal and two abnormal interphase cells depicted on this FISH labeled image frame (ROI). Tables I and II summarize and compare the number of cells detected in each of the three categories (namely monosomy, normal, and polysomy) using the automated scheme and cytogeneticists' visual detection for two FISH-labeled biomarkers targeted to chromosomes 3 and X, respectively. The automated scheme segmented and detected 73, 87, 89, and 99 analyzable interphase nuclei (cells) in four testing cases, while the cytogeneticists detected and counted 74, 92, 96, and 101 analyzable cells from the same four testing cases, respectively. The results indicated that the automated scheme missed a few analyzable FISH-labeled cells ranging from 1 to 7 cells (or 1.3% to 7.3%). As a result, the overall agreement between the automated and manual analysis ranged from 92.7% to 98.7% for the cell segmentation. Among the detected analyzable interphase cells, the automated scheme generally counted and classified more cells as abnormal cells (the number of FISH-labeled biomarker spots is unequal to two) than visual detection. The error is primarily caused by being unable to detect and count a small fraction of stringy and vague (i.e., low contrast) FISH-labeled of its significant potential, the FISH analysis used in current clinical practice has several disadvantages. First, it requires each observer (i.e., either a laboratory technician or a cytogeneticist) to visually identify and select approximately 100 analyzable interphase cells, which contain countable FISHlabeled biomarker spots under a fluorescent microscope. As a result, the random selection of a limited number of cells for analysis and the tendency of the observers towards the selection of cells with good morphologies will generate the inevitable error or bias. This manual selection and screening can reduce (a) diagnostic sensitivity, in particular in heterogeneous cases because the diagnostic results heavily depend on the actual searched regions and the number of cells being counted, and (b) the accuracy in quantifying residual disease in response to therapy (28). Although to the best of our knowledge, no previous studies have reported the Manual FISH analysis also cannot be feasibly applied to detect rare abnormal cells indicating early cervical cancer or other cancers in the busy screening environment (25). Therefore, to increase detection accuracy and reduce heavy workload of applying FISH technology in cancer detection and diagnosis, developing automated FISH image analysis systems or schemes has been attracting wide research interest in recent years (25). In this preliminary study, a new automated scheme was developed and tested to detect and analyze FISH-labeled biomarker spots, which target the particular changes of chromosomes 3 and X for obtaining more accurate and efficient diagnosis of cervical cancer.
Results
To achieve higher performance, three unique approaches were tested and implemented in our automated scheme. First, to segment as many analyzable interphase cells as possible (for the maximum detection sensitivity), we proposed and implemented an iterative algorithm with multiple-stage threshold values. For those FISH images captured in the clinical environment, interphase cells are usually distributed in different intensity levels with various morphologies. Compared with the identification of a single "optimal" threshold and lower sensitivity in segmenting interphase nuclei (69%~89%) (20, 21), our proposed algorithm provides a more practical method to segment all potential interphase cells with a higher sensitivity (i.e., 92.7% in this study) and provides a foundation to achieve higher accuracy in detecting FISH-labeled biomarker spots depicted on the testing cases, which can ultimately result in higher sensitivity in detecting cancer cases.
Next, due to image noise generated during the hybridization process, a rudimentary set of image features of the initially segmented "cells" is selected and computed in this paper. Then, a set of simple knowledge-based rules is optimized and applied to identify analyzable interphase cells and delete the "non-analyzable" cells as well as other image "debris." Instead of using a simple distance-based rule to detect and merge splitting FISH-labeled spots (20), another knowledgebased classifier is developed and applied to improve accuracy in detecting and recognizing splitting as well as stringy FISH signals depicted on the segmented cells, which is important for analyzing the true number of FISH signals and identifying abnormal cells to reduce false-positive and false-negative rates. Compared with previous research of false-positive detection rates (i.e., 7% ~ 18.8% reported by Kajtár (20) and Vrolijk (12)), our algorithm is competitive to detect abnormal cells with the maximum of an 11% false positive rate in detecting more difficult LSIL cases. As a result, this study demonstrated very comparable FISH-labeled biomarker spot counting results and overall diagnostic results using the summary index (indicating the likelihood of the testing case being associated with cervical cancer or malignant lesions) between using our automated scheme and visual examination by the cytogeneticists.
The primary limitation of this preliminary study is the small testing dataset (four testing cases) used to test the automated scheme and compare its results with manual visual detection and diagnostic results of cytogeneticists. It is well-known that in clinical practice, the accuracy of manual and visual analysis of FISH labeled images heavily depends on the quality of FISH labeled slide preparation. For example, if the slides are not washed well, the background of the FISH images becomes very noisy, which will make the clinicians unable to correctly detect the analyzable interphase cells (in particular, for those with relatively low contrast) as well as increase both false-positive and false-negative detection rates due to the increase in likelihood of miscounting or misclassifying the split and string FISH-labeled spots. We believe that the performance of any automated schemes (including ours) will also be affected by the quality of FISH slide preparation (or the noise level of FISH-labeled images). Despite this limitation, we believe that the results of this preliminary study are valid. These four testing cases were randomly selected from the FISH-labeled image slides that were actually used for clinical diagnosis and represent the average quality of FISH slide preparation in the clinical environment. The higher correlation or consistency between our automated scheme and cytogeneticists' visual detection results is encouraging, indicating the feasibility of developing and applying the automated FISH image analysis methods. Using this data collection protocol, we are conducting a pilot prospective study to acquire a new FISH image database with several hundred cases underwent cervical cancer screening. After establishing this large and diverse database, we will test the performance and the robustness of the automated scheme to further demonstrate its potential clinical utility in our future studies.
